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LABORATORY STUDY

MMP-9-mediated regulation of hypoxia-reperfusion injury-related neutrophil
inflammation in an in vitro proximal tubular cell model

Yan Dong�, Hong Zhao�, Jiangwei Man, Shengjun Fu and Li Yang

Department of Urology, The Second Hospital of Lanzhou University, Lanzhou, PR China

ABSTRACT
Background: Hypoxia-reperfusion (HR) and inflammation are causes of renal allograft injury.
Pathological evidence has indicated that ischemia followed by reperfusion leads to the proteolysis
and destruction of the extracellular matrix (ECM) in renal tubular epithelial cells. Matrix metallopro-
teinases (MMPs), such as MMP-2 and MMP-9, play roles in cleaving and reshaping the ECM. Acute
accumulation of MMP-9 secreted from neutrophils promotes the incidence of inflammation and
exacerbates graft trauma. Our goal was to investigate the activities of MMP-9/MMP-2 and their cor-
relation with HR injury and neutrophil-related inflammation in renal proximal tubular cells.
Methods: This model was established by placing HK-2 cells under hypoxic conditions (5% CO2,
1% O2) for 6 h and then exposing them to reperfusion (5% CO2, 21% O2) for 12 h in a tri-gas
incubator. The cell culture medium was collected for culturing polymorphonuclear leukocytes
(PMNs). BB-94 (MMP-9 inhibitor) was added to the culture medium in the inhibitor group.
Results: Flow cytometry showed a significant increase in reactive oxygen species (ROS) levels in
HK-2 cells from the HR injury group. MMP-9 expression was significantly increased and MMP-2
expression was significantly decreased in HK-2 cells from the HR group. MMP-9 and MPO expres-
sion were significantly increased in the HR group, while MPO expression was significantly
decreased in the PMN inhibitor group.
Conclusions: The outcomes indicated that MMP-9 and MMP-2 are important components of an
underlying pathophysiological mechanism of injury following HR. MMP-9 inhibition may be a
potential approach to mitigateHR injury.

Abbreviations: HR: hypoxia-reperfusion; ECM: extracellular matrix; MMPs: matrix metalloprotei-
nases; PMNs: polymorphonuclear leukocytes; DGF: delayed graft function; HRI: hypoxia-reperfu-
sion injury; ROS: reactive oxygen species; VSM: vascular smooth muscle; MFI: mean fluorescence
intensity; TIMP-1: tissue inhibitor of metalloproteinases-1; IF/TA: interstitial fibrosis and tubular
atrophy; CAN: chronic allograft nephropathy
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Introduction

Due to the current shortage of organs for transplant-
ation, the use of marginal kidneys has increased, and
the incidence of delayed graft function (DGF) has grad-
ually increased [1]. Acute kidney injury is a risk factor
for DGF [2], and evidence has shown that hypoxia-
reperfusion injury (HRI) plays an important role in this
process [3]. HRI occurs when organs experience a
restriction of blood supply followed by a subsequent
restoration of perfusion and concomitant reoxygena-
tion [4]. According to a previous study, oxidative stress
caused by reactive oxygen species (ROS) is a potential
mechanism of HRI [5].

Bonventre [6] first discovered that renal tubular cells
undergo proteolysis during HRI. Regarding the mechan-
ism underlying this phenomenon, several researchers
have speculated that matrix metalloproteinases (MMPs)
participate in remodeling the proximal and distal
tubules [7]. MMPs, including MMP-9 and MMP-2, are a
family of zinc-dependent endopeptidases that degrade
various proteins in the extracellular matrix (ECM) [8].
MMP-9 regulates ECM remodeling by degrading many
ECM proteins [9,10]. MMPs are secreted by many cells,
including vascular smooth muscle (VSM) cells, fibro-
blasts, and polymorphonuclear leukocytes (PMNs).
Some experimental results have indicated that MMPs
are expressed at significantly different levels in rats with
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HRI [11]. In addition, some clinical data suggest that the
MMP-9 concentration in the early post-transplant period
is a potential marker to evaluate the early and long-term
function of transplanted kidneys [12]. However, some con-
clusions drawn from animal experiments and clinical trials
are contradictory, and to date, a consensus has not been
established regarding the expression levels of MMPs dur-
ing the HRI process. In addition, few studies have estab-
lished a physical HRI model in vitro.

PMNs participate in inflammation during blood per-
fusion and secrete MMP-9 to digest the ECM and facili-
tate cell adhesion and chemotaxis. PMNs and platelets
combine to form thrombi in the microcirculation after
HRI [13], which are not conducive to the recovery of
graft function after kidney transplantation. Evidence
indicates that PMNs are associated with the acute accu-
mulation of MMP-9, which promotes the incidence of
inflammation and exacerbates graft trauma after liver
and lung transplantation [14]. According to
Christoffersson et al. [15], the CD11bþ/Gr-1þ/CXCR4hi
leukocyte subset is efficiently recruited from the circula-
tion to hypoxic sites and delivers considerable amounts
of MMP-9, which was detected during the revasculariza-
tion of transplanted pancreatic islets. However, to date,
no similar studies have focused on kidney
transplantation.

Recently, we identified a reliable in vitro physical
model of HR injury that was established with a tri-gas
incubator [16]. The tri-gas cell incubator is a device that
uses ultrasonic sensors, electrochemical sensors, and
conductor heat-sensitive integrated temperature sen-
sors. It accurately detects the gas concentrations and
temperatures of N2, CO2, and O2. Another function of
this device is to adjust the gas concentration and tem-
perature of each component in the box; thus, it is often
used to establish a cell culture model with low oxygen
levels. This in vitro model was first used by Sauvant et
al. [17,18] to simulate the process of HR injury in a rat
proximal tubular cell line. Cavdar et al. [19] also used a
similar model of human umbilical vein endothelial cells
that was established with a hypoxia system that con-
sisted of a hypoxic chamber and a gas-mixture inlet. In
this study, our model is based on the system described
in the study by Weng et al. [16], which used a tri-gas
incubator. The device used to establish the model is
much more developed and reliable for effectively simu-
lating and monitoring the process of HR.

Thus, in this study, our aims were to investigate the
activities of MMP-9 and MMP-2 and their correlations
with HRI, as well as to investigate the correlation
between the activities of MMP-9 with PMN-related
inflammation during the HR process.

Materials and methods

Cell culture

HK-2 cells (a human renal epithelial cell line with char-
acteristics of proximal tubular cells) were purchased
from the American Type Culture Collection, catalog
number CRL-2190. HK-2 cells were cultured in RPMI
1640 medium (Gibco, Gaithersburg, MD) supplemented
with 10% fetal calf serum (Biological Industries, Beit-
Haemek, Israel), penicillin (100U/mL), and streptomycin
(100 mg/mL). The cells were cultured in 6-well plates in
an atmosphere containing 5% CO2 and 21% O2 and
maintained at pH 7.4 and 37 �C for 24 h prior to the
experiments, as appropriate.

Isolation of polymorphonuclear
neutrophils (PMNs)

Human PMNs were obtained from the peripheral blood
of healthy laboratory members who volunteered to pro-
vide blood samples. The blood samples (10mL each)
were treated with the anticoagulant heparin sodium.
PMNs were isolated using the Ficoll–Dextran method
[20] (P0940 kit, Solarbio Life Science, Beijing, China) and
resuspended in RPMI 1640 medium.

In vitro model

Cells in culture dishes were randomly divided into three
groups. Cells in the control group were cultured in
complete medium under normal conditions. Cells in the
hypoxia-reperfusion group (HR group) were cultured
with serum-free medium under ischemic conditions
(5% CO2, 1% O2) for 6 h in a tri-gas incubator and then
cultured with complete medium for reperfusion (5%
CO2, 21% O2) for 12 h in a normal incubator. In the
MMP-9 inhibitor group, the MMP-9 inhibitor BB-94
(4 nmol; Selleck, Houston, TX) was added to the serum-
free culture medium of HK-2 cells during the hypoxic
phase, and then this medium was discarded and
replaced with complete medium in the HK-2 cell reper-
fusion phase. The culture supernatants (without the
MMP-9 inhibitor BB-94) were collected and centrifuged
to remove the sediment for the next step of
PMN culture.

PMN culture

The isolated PMNs were randomly divided into three
groups, resuspended in HK-2 culture supernatant (con-
trol group, HR group, and MMP-9 inhibitor group), and
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incubated for 12 h. PMN activation was analyzed by
detecting CD11b and CD18 expression using RT-PCR.

Cell viability

Cell Counting Kit-8 (Dojindo Laboratories, Kumamoto,
Japan) was used to measure cell viability. HK-2 cells
were grown in 96-well plates. The cells were washed
twice with PBS and incubated for 1 h at 37 �C with
5mg/mL of the CCK-8 stock solution in RPMI 1640
medium. The absorption was measured at 562 nm, and
the viability was reported as the % absorbance
(Multiskan FC, Thermo, Waltham, MA).

Analysis of ROS using immunofluorescence
microscopy and flow cytometry

HK-2 cells were washed twice with 1mL of PBS per well
for 1min. Then, HK-2 cells were cultured in RPMI 1640
medium containing a ROS-specific fluorescent probe
(5 mmol, H2DCFDA, Abmole Bioscience, Houston, TX) in
the dark for 30min. HK-2 cells were washed twice with
1mL of PBS and then cultured in RPMI 1640 medium as
appropriate for immunofluorescence staining and
microscopy. Images were captured with a digital
inverted microscope (EVOS FL AMF-4302-AU, AMG, WA,
USA) under a green excitation laser. Then, the cells
were digested with 0.25% trypsin (Gibco, Gaithersburg,
MD). The cells were resuspended in 1mL of PBS per
well as appropriate. Flow cytometry (CytoFLEX,
Beckman Coulter, Brea, CA) was performed to analyze
ROS levels with an excitation wavelength of 504 nm
and an emission wavelength of 529 nm. The images
were then processed and overlaid using Adobe
Photoshop version 7.0 software (Adobe Systems,
Mountain View, CA). Images were analyzed using
ImageJ software (National Institutes of Health,
Bethesda, MD).

RNA extraction and reverse transcription

Total RNA was extracted from HK-2 cells and PMNs with
TRIzol (Solarbio Life Science, Beijing, China). Reverse
transcription was performed using 5 mg of the total RNA
in a first-strand cDNA synthesis reaction with
SuperScript II RNaseH Reverse Transcriptase (AG
Scientific, San Diego, CA). The RT-PCR conditions were
95 �C for 30 s, followed by 39 cycles of 95 �C for 3 s,
55 �C for 30 s, and 95 �C for 30 s. The cDNA products
were amplified by RT-PCR using primers specific for
MMP-9/2, TIMP-1, CD-11b/CD-18, and b-actin. All

RT-PCR data were normalized to b-actin. The specific
primers used in this study are listed in Table 1.

Western blot analysis of MMP-2 and MMP-9

Levels of the MMP-2 and MMP-9 proteins were exam-
ined using Western blotting. Briefly, proteins were
extracted from HK-2 cells and PMNs, separated on 10%
SDS-PAGE gels, and transferred onto nitrocellulose
membranes (Millipore, Burlington, MA). The membranes
were blocked with 5% nonfat milk in a Tris-buffered
saline solution (Solarbio Life Science, Beijing, China)
and incubated with the following rabbit primary anti-
bodies: MMP-9 (1:1,000; Affinity Biosciences, Zhenjiang,
China) and MMP-2 (1:1,000; Affinity Biosciences,
Zhenjiang, China). The membranes were then incu-
bated with secondary horseradish peroxidase-conju-
gated goat anti-rabbit IgG antibodies (1:3,000; ZSGB-
BIO, Wuhan, China). The specific bands were developed
and visualized using an enhanced chemiluminescence
detection kit (Solarbio Life Science, Beijing, China).
Images were analyzed using ImageJ software.

Determination of MPO enzyme activity

The MPO activity in PMNs was determined with an
MPO Detection Kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). The MPO proteins were
extracted from the PMNs, and 10lL of the supernatant
was added to PBS (pH 6.0) containing 0.17mg/mL 3,30-
dimethoxybenzidine and 0.0005% H2O2. The H2O2-
dependent oxidation of 3,30-dimethoxybenzidine was
used to characterize the activity of MPO, which was
reported as units per gram of total protein (u/g) [21].
The total protein content in the samples was analyzed
using a bicinchoninic acid protein assay kit.

Table 1. The primer sequences used for RT-PCR.
Primer name Sequence (50–30)
MMP-9 F: 50 -GCTACGTGACCTATGACATCCTG-30

R: 50 -AGAAACACTCCAACAAAAAACAAAG-30
MMP-2 F: 50 -GTGGATGATGCCTTTGCTCG-30

R: 50 -GGAGTCCGTCCTTACCGTCAA-30
TIMP-1 F: 50 -TCCTGTTGTTGCTGTGGCTGA-30

R: 50 -GGTTGTGGGACCTGTGGAAGTAT-30
CD11b F: 50 -GGATAGTGACATTGCCTTCTTGAT-30

R: 50 -GGTTAGGGTTGTTCTGGAACTCTT-30
CD18 F: 50 -AGGTTCTTCCCCAGTGTGAGTG-30

R: 50 -GTTTTTCCCAATGTAGCCAGTGTC-30
b-actin F: 50 -CCTTCCTGGGCATGGAGTC-30

R: 50 -TGATCTTCATTGTGCTGGGTG-30

MMP-9: matrix metalloproteinase 9; MMP-2: matrix metalloproteinase 2;
TIMP-1: tissue inhibitor of metalloproteinases 1; CD11b: integrin subunit
alpha M; CD18: integrin subunit beta 2; F: forward; R: reverse
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Statistical analysis

All experiments were repeated in triplicate. The data
are presented as the means ± SD Student’s t-test was
used to calculate statistical significance. p< .05 was
considered to indicate a statistically significant differ-
ence. All statistical tests were performed using SPSS
version 22.0 (IBM, Armonk, NY).

Results

Viability of HK-2 cells following HR treatment and
the BB-94 intervention

The viability of HK-2 cells was assessed after the HR
treatment and BB-94 intervention using the CCK-8 assay
to detect changes in biological activities. HK-2 cells
were treated with CCK-8 reagents after culture and BB-
94 intervention. The viability of the HK-2 cells in the HR
group was significantly decreased compared with that
of the HK-2 cells in the control group (Figure 1, p < .05).
Furthermore, no difference was observed between the
HR group and the inhibitor group.

ROS levels in HK-2 cells following HR treatment

HK-2 cells were subjected to serum starvation and
treated in accordance with the group assignments
described above. After 4 h of culture, HK-2 cells were
collected, stained with a ROS-specific fluorescent probe,
and immunofluorescence was analyzed. As shown in
Figure 2(A), the relative fluorescence intensity in the
control group was significantly lower than that in
the HR and inhibitor groups (p< .005). Compared with

the HR group, the relative fluorescence intensity in the
inhibitor group was significantly lower (p< .01) (Figure
2(B)). As shown in Figure 2(C), the flow cytometry analy-
ses revealed a significant increase in the mean fluores-
cence intensity (MFI) of the ROS in the HR group
compared with that in the control group (p< .005). In
addition, a difference between the HR and inhibitor
groups (p< .01) was observed (Figure 2(D)).

Levels of the MMP-2, MMP-9, and TIMP-1 mRNAs
in HK-2 cells

RT-PCR experiments were performed to measure the
expression levels of MMP-2, MMP-9, and TIMP-1 in HK-2
cells. MMP-2 mRNA expression was significantly down-
regulated in the HR group compared with the control
group (p< .0001) (Figure 3(A)). In contrast to the MMP-
2 mRNA expression pattern, MMP-9 mRNA expression
was significantly upregulated in the HR group com-
pared with the control group (p< .05) (Figure 3(B)).
The mRNA encoding TIMP-1, a natural inhibitor of
MMPs, was upregulated in the HR group (p< .005)
(Figure 3(C)).

Levels of the MMP-9 and MMP-2 proteins in HK-2
cells exposed to HR

Levels of the MMP-9 and MMP-2 proteins were exam-
ined using Western blotting (Figure 4(A,C)). The expres-
sion of the MMP-9 protein was upregulated in the HR
group compared with the control and inhibitor groups
(p< .05) (Figure 4(D)), while the expression of the MMP-
2 protein was downregulated in the HR group (p< .01)
(Figure 4(B)).

Levels of the CD-11b, CD-18, and MMP-9 mRNAs
in PMNs

An RT-PCR experiment was also performed to measure
the expression levels of CD-11b, CD-18, and MMP-9 in
PMNs. CD11b and CD18 are typically analyzed to deter-
mine the degree of PMN activation. CD11b mRNA
expression was upregulated in the HR group compared
with the control group (p< .05) (Figure 5(A)). The
expression levels of the CD-18 mRNA were significantly
upregulated in the HR group compared with the con-
trol group (p< .05) (Figure 5(B)). Similar to CD-11b and
CD-18, MMP-9 expression was significantly upregulated
in the HR group (p< .01) (Figure 5(C)).

Figure 1. Changes in the viability of HK-2 cells were assessed
after the HR treatment and BB-94 intervention using CCK-8
kits. All experiments were repeated three times, and the
mean values are presented and compared (�p< .05).

RENAL FAILURE 903



Figure 2. Relative fluorescence intensity and ratio of ROSþHK-2 cells. (A) Fluorescence images of HK-2 cells captured using a
fluorescence microscope. (B) Quantitative analysis of the relative fluorescence intensity. (C) Flow cytometry plots of HK-2 cells. (D)
Quantitative flow cytometry data. All experiments were repeated three times, and the mean values are presented and compared
(��p< .01 and ���p< .005).
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Level of the MMP-9 protein in PMNs treated with
HK-2 cell supernatants

Levels of the MMP-9 protein in PMNs were examined
using Western blotting (Figure 6(A)). The expression of
the MMP-9 protein was upregulated in the HR group
compared with the control and inhibitor groups
(p< .001) (Figure 6(B)).

Detection of MPO enzyme activity in PMNs

PMNs were analyzed with the MPO Detection Kit. After
treatment, the MPO enzyme activity was observed with
an enzyme labeling instrument (Figure 7). The MPO
enzyme activity in the HR group was higher than that
in the control group (p< .001). Compared with the HR
group, the MPO enzyme activity in the inhibitor group
was significantly reduced (p< .001), suggesting that BB-
94 limited the injury caused by HR.

Discussion

Most previous studies have established in vivo HR mod-
els in animals, but the results are contradictory. We
speculated that tissue samples always contain multiple
types of cells, including epithelial cells, mesenchymal
cells, and inflammatory cells. However, necrosis of renal
epithelial cells is the main cause of acute kidney injury
after renal transplantation. The in vitro model
adequately circumvents these problems. Thus, in this
study, we aimed to specifically examine expression pat-
terns in epithelial cells. Due to the advantages of cell
models, in which cell types can be identified, we
decided to use an in vitro model in this experimental
design, in which two cell types were cul-
tured separately.

Although a few studies have established in vitro HR
models, these studies mostly used chemical processes,
which may affect the physiological conditions of the
models. A few studies used a mineral oil overlay to

Figure 3. Levels of the MMP-2, MMP-9, and TIMP-1 mRNAs in HK-2 cells. (A) Real-time PCR analysis of levels of the MMP-2
mRNA in HK-2 cells. (B) Levels of the MMP-9 mRNA in HK-2 cells. (C) Levels of the TIMP-1 mRNA in HK-2 cells. All experiments
were repeated three times, and the mean values are presented and compared (�p< .05; ��p< .005; and ����p< .001).
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simulate the ischemic environment; however, the accur-
acy of this simulation was not sufficient [22,23]. Thus, in
our study, we established an in vitro HR model with a
tri-gas incubator that generated conditions as close to
the pathophysiological environment as possible.

In clinical practice, inhibitors can be added to the
perfusion solution to protect the kidney during cold
ischemia (the drug intervention is only administered to
the donor kidney, not the recipient, to avoid a greater
burden on the recipient). The accumulation of PMNs
after HRI is not conducive to the functional recovery of
the graft [13]. Thus, our purpose is to establish a model
of the effect of donor kidney tissue undergoing HR dur-
ing kidney transplantation on neutrophils in the recipi-
ent. In our model, the inhibitor BB-94 was only added
to the cell culture medium during the HR period.
Afterwards, the cell supernatant was discarded and
replaced with complete medium (without the MMP-9
inhibitor BB-94) in the HK-2 cell reperfusion phase,
which simulates the microenvironment of PMN-related
inflammation during reperfusion in the recipient. The
model was capable of simulating the inflammatory
response in the kidney undergoing HRI to the recipi-
ent’s neutrophils.

The isolation of PMNs and HK-2 cells allowed us to
detect the expression patterns in each cell type. The tri-
gas incubator provided a controlled physical environ-
ment that stimulated HR. In this study, we investigated

cell viability to evaluate the feasibility of establishing
the model (Figure 1) and used an ROS-specific fluores-
cent probe to evaluate HR injury (Figure 2). As shown in
Figure 1, HR decreased cell viability, and no difference
was observed between the HR group and inhibitor
group, suggesting that the inhibitor dose was appropri-
ate. Figure 2 shows that HR increased ROS-mediated
injury, and an MMP inhibitor (BB-94) reduced HR dam-
age. According to the results, we showed the feasibility
of the model and intervention conditions in
this experiment.

Regarding the phenomenon of proteolysis during
HRI, several studies have suggested that MMPs are
associated with proteolysis. However, a consensus has
not been reached on the conclusions drawn from
experiments examining the expression of MMPs. Based
on the findings obtained from an in vivo rat model,
MMP-2 and MMP-9 are upregulated in response to HRI
[24,25], and tissue inhibitor of metalloproteinases-1
(TIMP-1), a naturally occurring protein, was downregu-
lated [26]. However, several clinical studies have sug-
gested that the poor prognoses of some patients are
related to MMP-9 and TIMP-1 upregulation and MMP-2
downregulation [27–29]. Racca et al. [28] suggested
that among kidney transplant patients, patients with
interstitial fibrosis and tubular atrophy (IF/TA) have
higher plasma MMP-9 levels. According to the results of
the study by Palomar et al. [27], MMP-2 expression was

Figure 4. Levels of the MMP-9 and MMP-2 proteins in HK-2 cells. (A) Western blot analysis of MMP-2 protein levels. (B)
Quantitation of the Western blot analysis of MMP-2 protein levels. (C) Western blot analysis of MMP-9 protein levels. (D)
Quantitation of the Western blot analysis of MMP-9 protein levels. All experiments were repeated three times, and the mean val-
ues are presented and compared (�p< .05).
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lower in the chronic allograft nephropathy (CAN)
patient group, and the changes were attributed to early
transplant biopsies. Mazanowska et al. [29] suggested
that proteinuria and estimated daily proteinuria
(uPr:uCr) were positively correlated with plasma TIMP-1
levels in kidney transplant recipients. In our study, the
results obtained from HK-2 cells were similar to clinical
evidence and indicated that MMP-9 and TIMP-1 were
upregulated and MMP-2 was downregulated (Figures 3
and 4). We postulated that the results indirectly confirm
the reliability of the clinical evidence mentioned above.
Our result is similar to the findings reported by
Covington MD et al. [30], which suggested lower
expression of the MMP-2 protein in mineral oil overlay
models using NRK cells.

Although the evidence indicates that PMNs are
associated with the acute accumulation of MMP-9,
which promotes the incidence of inflammation and
exacerbates graft trauma after liver and lung trans-
plantation [31,32], few studies have focused on kidney
transplantation. In our model, isolated PMNs were
resuspended in HK-2 cell culture supernatants, allow-
ing HK-2 cells and PMNs to be separated. This
approach ensures that the expression patterns of each
cell type would be determined without interference.
The expression levels of the CD-11b and CD-18
mRNAs were significantly upregulated in the HR group
(Figure 5). We considered that HR-treated HK-2 cell
culture supernatants increased the inflammatory activ-
ity of PMNs. As shown in Figure 6, the expression level

Figure 5. Levels of the CD-11b, CD-18, and MMP-9 mRNAs in PMNs. (A) Real-time PCR analysis of levels of the CD-11b mRNA in
PMNs. (B) Levels of the CD-18 mRNA in PMNs. (C) Levels of the MMP-9 mRNA in PMNs. All experiments were repeated three
times, and the mean values are presented and compared (�p< .05 and ��p< .01).
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of MMP-9 was increased in the HR group, and Figure
7 shows increased MPO enzyme activity in the HR
group. MPO is a marker commonly used to assess the
inflammatory activities of PMNs. The data presented in
both Figures 6 and 7 support our hypothesis that HR-
treated proximal tubular cells may also exert the same
MMP-9-mediated inflammatory effects as those

observed after liver and lung transplantation.
Additionally, the MPO enzyme activity in the inhibitor
group was significantly reduced (Figure 7), suggesting
that the inhibition of MMP-9 is a potential mechanism
to reduce inflammatory injury after ischemia and
reperfusion during kidney transplantation.

Some limitations of our study should be considered.
The application of gene knockout technology may val-
idate our findings on the role of MMP. However, our
experimental design is based on clinical treatment, and
pharmacological inhibitors have established applica-
tions. If we study the molecular mechanism in the
future, we will consider designing a gene knockout
model. We know that if the aforementioned techniques
are adopted, the role of MMPs in this process can be
clarified. Another limitation of our study is that ECM is
difficult to characterize using standard methods. In
view of the close relationship between the ECM and
MMPs, we indirectly indicate changes in the ECM based
on changes in MMPs. The purpose of the experiment is
not to reveal the molecular mechanism, although the
authors will explore it in future experiments, if possible.

In summary, HR exacerbated the oxidative stress
caused by ROS, and MMP-9 regulated HR-related neu-
trophil inflammation in proximal tubular cells. Further
research, including the histopathological and immuno-
logical examinations of effective animal models, is war-
ranted to verify our conclusion.
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Figure 6. Levels of the MMP-9 protein in PMNs. (A) Western
blot analysis of MMP-9 protein levels. (B) Quantitation of the
Western blot analysis of MMP-9 protein levels. All experiments
were repeated three times, and the mean values are pre-
sented and compared (�p< .05).

Figure 7. Effects of HK-2 cell supernatants on PMN MPO
activity. All experiments were repeated three times, and the
mean values are presented and compared (����p< .001).
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